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Abstract-Quantum electronic devices with negative differen- 
tial resistance (NDR) characteristics have been used to design 
compact multiplexers. These multiplexers may be used either 
as analog multiplexers where the signal on a single select line 
selects one out of four analog inputs, or as four-valued logic 
multiplexers where the select line and the input lines represent 
one of four quantized signal values and the output line corre- 
sponds to the selected input. Any four-valued logic function can 
be implemented using only four-valued multiplexers (also known 
as T-gates), and this T-gate uses just 13 devices (transistors) as 
compared to 44 devices in CMOS. The design of the T-gate was 
done using a combination of resonant tunneling diodes (RTD’s) 
and heterojunction bipolar transistors (HBT’s) with the folded 
I-V characteristic (NDR characteristic) of the RTD’s providing 
the compact logic implementation and the HBT’s providing the 
gain and isolation. The application of the same design principles 
to the design of T-gates using other NDR devices such as reso- 
nant tunneling hot electron transistors (RHET’s) and resonant 
tunneling bipolar transistors (RTBT’s) is also demonstrated. 

. 

I. INTRODUCTION 
T is well known that negative differential resistance (NDR) I or folded I-V characteristics of devices can be exploited 

to create extremely fast and compact circuits [l]. While the 
properties of resonant tunneling diodes (RTD’s) were predicted 
almost 20 years ago [2], recent developments in growth 
techniques such as molecular beam epitaxy (MBE) have made 
it possible to actually build and use these devices. One of the 
main application areas of the new devices is in multiple-valued 
logic. 

Multiple-valued logic seeks to improve the information 
processing efficiency of a circuit by transmitting more in- 
formation on each signal line than simple binary logic and 
by implementing complex functions of the inputs in a single 
gate [3]. However, the use of multiple-valued logic has been 
hampered by the fact that compact and stable multiple-valued 
logic circuits are hard to build, the noise margins on multiple- 
valued lines are reduced, and most important of all, there is 
a need to perform conversions to and from a predominantly 
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Fig. 1. Schematic and truth table of four-valued T-Gate or multiplexer. 

binary world. The folded I-V characteristic of RTD’s and 
other quantum electronic devices makes it possible to have 
multiple stable states with good margins in a simple circuit 
consisting of just a few devices. This fact was recognized 
by several researchers and several compact multiple-valued 
storage functions have been described in the literature. For 
example, [4] and [5] describe a three-state memory cell 
using NDR devices, and a more recent work [6] describes 
a multivalued SRAM cell constructed with RTD’s. The basic 
idea in these designs is that a simple series connection of a 
resistor, transistor, or any other load with a NDR device that 
has folded I-V characteristics produces a circuit with multiple 
stable states. While the storage functions realized by these 
circuits are very important, not much research has been done 
on the implementation of multivalued logic gates. 

Reference [7] describes a design methodology for gener- 
ating multiple-valued functions of a single multiple-valued 
input, using RTD’s. Given a function f :  M + M where 
A4 = { O , I ,  2 , .  . . , m - I} is a set of input/output values, 
the design methodology of [7] can be used to build a gate 
consisting of m RTD’s and many transistors and resistors 
to implement the function f .  However, the general multiple- 
valued logic gate with n inputs and one output, all of which 
can take on values from the set M ,  cannot be implemented 
efficiently using this method. Nor is it possible to simply 
combine the basic single input gates to implement the general 
function F :  M n  4 M .  

Just as any binary logic circuit can be implemented using 
just two-input NAND’s or NOR’s or two-input binary multi- 
plexers or a combination of AND-OR-NOT gates, it is possible 
to implement any multiple-valued function E using just a 
small set of gate types [8]. While the generalized multiple- 
valued NAND/NOR gates cannot by themselves implement 
any generalized function F, T-gates, or generalized m-valued 
multiplexers with n m-valued inputs and one m-valued se- 
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Fig. 2. The RTD decoder 

lect line, can by themselves implement any other m-valued 
function of n inputs. 

This paper describes a multiple-valued logic T-gate using 
NDR devices. This gate not only achieves significant savings 
in area over implementations using conventional devices, but 
also achieves savings in area when compared with MOS 
implementations of binary logic with equivalent information 
processing capacity. A quatemary logic T-gate is described 
here, but the design principles apply to any m-valued logic, 
(m > 2). The quaternary logic T-gate described here can also 
be used to build simple and efficient binary-quaternary and 
quaternary-binary converters. Any quaternary logic function 
can be efficiently implemented using these T-gates alone, 
just as any binary logic function can be implemented using 
binary multiplexers alone. A detailed description of the T- 
gate designed with RTD’s is presented next, followed by an 
alternate design with RTBT’s or RHET’s. All the designs were 
simulated using NDR-SPICE [9], an enhanced version of the 
standard SPICE simulator that has models for the new quantum 
electronic devices and has improved convergence routines. The 
designs using RTD’s and HBT’s (or BJT’s) were assembled 
and tested using discrete devices. 

11. T-GATE USING RTD’s 

The quaternary T-Gate or multiplexer is a circuit with four 
data inputs, one data output, and one control(se1ect) input. All 
the inputs and the output are four-valued, taking on one of 
the logical values from the set M = {0,1,2,3}. Fig. 1 shows 
the schematic outline and truth table of the T-Gate. The select 
line is input to a decoder circuit made up of RTD’s; the output 
of the decoder is in the form of four enable lines, each of 
which is HIGH for exactly one of the four possible values 
on the select line. The enable lines control four independent 
current switch stages, each of which receives one of the four 
data inputs to the T-gate. The output of each current-switch is 
proportional to its input data when the current-switch enable 

line is HIGH and zero when the enable line is low. The output 
stage sums the current-switch outputs and performs suitable 
level-shifting and scaling of the output levels. Each of the 
above three components is described in detail below. 

A. The RTD Decoder 

The select input of the multiplexer is connected to a ?r 

network consisting of RTD’s and resistors (see Fig. 2). The 
series resistors R1, R2, R3, and R4 form a chain terminated 
in an RTD branch. The other RTD branches are tapped off 
from the resistor chain. Each RTD branch consisting of an 
RTD in series with a resistor, is in itself a bistable circuit that 
switches from one state to another at a precise value of the 
applied voltage, as the applied voltage is increased from 0 V. 
The resistor chain causes a progressively smaller voltage to 
be applied across each RTD branch in the ?r-network, causing 
each RTD branch to switch states at different (increasing) 
applied voltages. 

The RTD Brunch: The operation of the selector circuit may 
be understood by considering the operation of a single RTD 
branch consisting of an RTD connected to the base of a 
transistor and a resistor Rblas. The voltage at the base of the 
HBT is determined from the load line shown in Fig. 3(a). The 
base-emitter junction of the HBT is assumed to behave as 
an ideal diode. As the input voltage Vnode is increased, the 
idealized RTD characteristic slides to the right as shown in 
Fig. 3(a). The voltage V,,,, is plotted as a function of Vnode 
in Fig. 3(b). Initially, Vbase is small and the HBT is OFF. 
When Vbase reaches the cut-in voltage of the ideal diode, the 
HBT is ON (saturation). As the input voltage is increased 
further, the folded I-V characteristic of the RTD causes the 
operating point to jump to the second positive differential 
resistance region in the RTD curve and the voltage Vbase is 
consequently well below cut-in so that the HBT gets tumed 
OFF. Further increasing the applied voltage will cause the 
HBT to eventually turn ON again. However, the resistance 
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Fig. 4. Oscilloscope traces for the select line and three of four enable 
voltages of the decoder (Y-axis: 5 V/div for EN1-EN3 and 2 V/div for 
Select; X-axis: 100 psldiv). 

values and the applied voltages are chosen so that the voltage 
never gets high enough to turn on the HBT a second time. 
The RTD-branches further down the chain see smaller input 
voltages (Vnode) and consequently the associated HBT's turn 
on at higher applied voltages (higher select voltages). The 
collector voltage of the HBT is low whenever the HBT is 
ON and high whenever the HBT is OFF. 

The explanation above is based on simple linear models 
and neglects higher order effects (observed/simulated) and 
also the fact that the switching of the stable state of an 
RTD branch abruptly decreases the current through the branch, 
causing voltage changes across the entire T network. A four- 
valued decoder has been breadboarded with npn transistors 
(2N2222) and RTD's (UMA-1174) fabricated and packaged in 
the University of Michigan. Oscilloscope traces of the enable 
outputs corresponding to a sawtooth select voltage are shown 
in Fig. 4. It can be observed that the enable lines go low at 
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Fig. 5. Experimental results of a breadboarded RTD multiplexer. (a) Used 
as multiple-valued logic circuit (X-axis: 500 mV/div; Y-axis: 100 pddiv). 
(b) Used as an analog channel selector (X-axis: 1 V/div; Y-axis: 1 mddiv). 

their corresponding select voltages and are nonoverlapping, 
which is desirable in a decoder. 

B. Current Switches and the Output Stage 

The enable outputs of the RTD decoder stage are compared 
with a fixed voltage to set four current switches ON or 
OFF. The multiplexer-data inputs are used to set up the tail 
current in the current switch through a simple current mirror 
configuration. Considering for the moment a single current- 
switch, the entire tail current ((Kn - Vcut-in)/Rin) flows 
through Rout if the enable voltage is low, causing the output 
voltage to be Vout = V,, - (Kn - V,,+in) . (Rout/&). If 
the enable voltage is high, the output voltage is V,, since all 
the current is diverted to the other branch. Hence the output 
voltage is a linear function of the input voltage when the 
enable line is low. All the branch currents from the four current 
switches are connected together, but one and only one of the 
enable lines is low at any time so the output is always a linear 
function of the selected input voltage. The output stage inverts 
and level shifts this voltage to produce a voltage compatible 
with the input levels. The reset input accepts a pulse that 
triggers the low-to-high transformation of the select voltage. 
This is necessary to eliminate hysteresis effects inherent in any 
circuit using the folded I-V characteristics [9]. 

The multiplexer circuit can also be modified to make a 1 : 4 
demultiplexer. The tail current in all the switch branches is set 
by the input voltage or current while the enable lines make 
each output equal to either V,, (if not selected) or a linear 
function of the input (if selected). An output stage is again 
required to invert and shift the output levels. 

Experimental results for a breadboarded multiplexer are 
shown in Fig. 5(a). Channels 1 4  are connected to 1.5 V, 2.0 
V, 0.5 V, and 1.0 V, respectively; these voltages represent 
logic levels of 2, 3, 0, and 1. The select input is a sine 
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Fig. 6.  (a) RHETRTBT in inverter circuit configuration. (b) A literal-pass gate. 

wave with a 0.95 V offset and 0.825 V amplitude; this allows 
repeated selection of the four different channels together with 
a period where no channel is selected (Vselect is out of range). 
One can clearly see that the output (0, 2 ,  3, 0, 1, 0, 3, 2, 0, . . .) 
shown corresponds exactly to the input of the channel being 
selected; it also shows that if no channel is selected, the output 
will assume a zero value. Note that a fast asynchronous pulse 
(not shown) is also being applied to the reset input in order 
to eliminate hysteresis. 

The same multiplexer has also been used for analog mul- 
tiplexing [see Fig. 5(b)]. Channel l of the multiplexer is 
connected to a ramping up signal, Channel 2 is connected to a 
sinusoidal wave (top trace), Channel 3 is connected to ground, 
and Channel 4 is connected to a triangular wave (middle trace). 
The select input is given a ramping up signal that cuts through 
all the select voltages. One can see that the output of the 
multiplexer (bottom trace) outputs the correct channel input 
waveform as that particular channel is selected. 

111. T-GATE USING RHET’s and RTBT’s 

Resonant tunneling bipolar transistors (RTBT’s) [lo] and 
resonant tunneling hot electron transistors (RHET’s) [ l  11 are 
three terminal devices with negative differential resistance in 
the base-emitter I-V characteristics and negative transconduc- 
tance in the common-emitter characteristics. An advantage of 
the RHET and RTBT over the RTD is that the three terminal 
devices allow the input and output signals to be decoupled 
without having to insert extra buffer stages. 

When the RHET or RTBT is connected in a simple 
common-emitter or inverter configuration as shown in Fig. 6, 
the resultant dc transfer curve shows a small, sharply defined 
region where the output voltage falls below a voltage marked 
Vsat. This is similar to the RTD branch circuit of the RTD- 
HBT multiplexer, where the HBT base voltage is high enough 
to turn on the HBT for a small, sharply defined range of 

input voltages. When the output of the RHETRTBT inverter 
is inverted again, the output is low for all except a small 
range of input voltages. If the supply voltage of the second 
inverter stage is connected to some other voltage Vdata 
instead of Vcc, the HIGH output voltage is equal to Vdata 
and the low output voltage is close to zero, ignoring the 
loading effects of subsequent stages. Such a gate is called 
a literal-pass gate. When a resistor chain is used to supply 
progressively smaller fractions of a select voltage to four 
literal-pass gates, the resistor values can be chosen so that the 
ranges (V,,, Vbi) for the four literal-pass gates correspond to 
ranges (V, - 6, V,  + 6) where V,  is the voltage corresponding 
to logic level i ,  i = 0,1,2,3,  and S is a margin. Since at 
most one of the output voltages is nonzero for any input 
(select) voltage, they can be connected to the control inputs of 
a bank of current switches to produce a multiplexed output. 
Simulation results for this circuit are shown in Fig. 7. 

IV. SUMMARY 

Two quaternary T-Gates or multiplexers and one demulti- 
plexer have been described. These gates use the folded I-V 
characteristics of NDR devices to obtain compact implemen- 
tations of multiple-valued logic functions. The RHETRTBT 
multiplexer uses 13 transistors (RHET’sRTBT’s and HBT’s) 
and 16 resistors while a CMOS circuit with equivalent func- 
tionality (binary, 2-b 4 :  1 mux) would require 44 transistors 
(MOSFET’s). The savings in area increase with higher-valued 
logics. For an eight-valued T-Gate (8 : 1 mux), the multiplexer 
design described above can be extended by using eight literal- 
pass gates with tighter margins on input voltages. Such a 
multiplexer would use 25 transistors and 32 resistors as against 
118 MOSFET’s for an equivalent CMOS implementation 
(binary, 3-b 8 :  1 mux). 
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Fig. 7. Simulation results for RHET 4 : 1 four-valued multiplexer. 

The operating speed of the RTD and RTBTRHET circuits 
is expected to be much higher than CMOS operating speeds, 
since the switching speeds of both HBT’s and RTD’s are 
known to be in the range of a few picoseconds [12], [13]. Since 
interconnect delay is likely to be a major factor in the total 
delay, the shorter interconnect length in RTD or RTBT/RHET 
circuits (due to the compact nature of the circuit and the use 
of multiple-valued signals to reduce interconnect) gives these 
circuits one more advantage over CMOS in terms of speed. 

REFERENCES 

[ I J  F. Capasso, S. Sen, F. Beltram, L. M. Lunardi, A. S. Vengurlekar, 
P. R. Smith, N. J. Shah, R. J. Malik, and A. Y. Cho, “Quantum 
functional devices: Resonant-tunneling transistors, circuits with reduced 
complexity and multiple-valued logic,” IEEE Trans. Electron Devices, 
vol. 36, pp. 2065-2082, Oct. 1989. 

[2] L. L. Chang, L. Esaki, and R. Tsu, “Resonant tunneling in semiconductor 
double barriers,” Appl. Physics Lett., vol. 24, pp. 593-595, 1974. 

131 S. L. Hurst, “Two decades of multiple-valued logic-An invited tuto- 
rial,” in Proc. 20th Int. Symp. Multiple-Valued Logic, 1988, pp. 164-175. 

[4] F. Capasso, S. Sen, A. Y. Cho, and D. Sivco, “Resonant tunneling 
devices with multiple negative differential resistance and demonstration 
of a three-state memory cell for multiple-valued logic applications,” 
IEEE Electron Device Lett., vol. EDL-8, July 1987. 

[SI A. Sellai, M. S. Raven, D. P. Steenson, J. M. Chamberlain, M. Henini, 
and 0. M. Hughes, “Double-harrier resonant tunneling diode three-state 
logic,” Electron. Lett., vol. 26, pp. 61-62, Jan. 1990. 

[6] S.-J. Wei and H. C. Lin, “Multivalued SRAM cell using resonant 
tunneling diodes,” IEEE J. Solid-state Circuits, vol. 27, pp. 212-216, 
Feb. 1992. 

H. L. Chan received the B.S.E.E. degree from the 
University of Arizona, Tucson, and the M.S.E.E. de- 
gree with major in VLSI design from the University 
of‘ Michigan, Ann Arbor. 

His research was focused on ultra-high-speed 
GaAs resonant tunneling diode circuit design. He 
is currently with Cypress Semiconductor, San Jose, 
CA, developing mixed-signal data-communication 
integrated circuits and high-speed ATM testers. 

S. Mohan (S’91-M’95) received the B.Tech degree 
from the Indian Institute of Technology, Madras in 
1985 and the M.S. and Ph.D. degrees in computer 
science and engineering from the University of 
Michigan, Ann Arbor, in 1991 and 1994, respec- 
tively. 

His research interests include circuit design and 
algorithms for circuit simulation and layout design. 
He is currently employed as a Staff Software Engi- 
neer at Xilinx Inc., San Jose, CA, working on new 
architectures and CAD software for FPGA’s. 

Pinaki Mazumder (S’84-M’87-SM’95) received 
the B.S.E.E. degree from the Indian Institute of 
Science in 1976, the M.Sc. degree in computer 
science from the University of Alberta, Canada, 
in 1985, and the Ph.D. degree in electrical and 
computer engineering from the University of Illinois 
at Urbana-Champaign in 1987. 

Presently, he is with the Department of Elec- 
trical Engineering and Computer Science of the 
University of Michigan, Ann Arbor as an Associate 
Professor. Prior to this he was a Research Assistant 

with the Coordinated Science Laboratory, University of lllinois at Urbana- 
Champaign for two years and was with the Bharat Electronics Ltd. (a 
collaborator of RCA), India, for over six years, where he developed several 
types of analog and digital integrated circuits for consumer electronics 
products. During thc summer of 1985 and 1986, he was a Mcmber of the 
Technical Staff in the Naperville branch of AT&T Bell Laboratories. His 
research interests include VLSI testing, physical design automation, ultrafast 
digital circuit design, and neural hardware. 

Dr. Mazumder was a recipient of Digital’s Incentives for Excellence Award, 
National Science Foundation Research lnitiation Award and Bell Northern 
Research Laboratory Faculty Award. He was a Guest Editor of the IEEE 
Design and Test Magazine’s special issue on multimegabit memory testing, 
March 1993. He is a member of Sigma Xi, Phi Kappa Phi, and ACM SIGDA. 



1156 

Hiller Professor of Electrical Engineering. From 1975 to 1987 he served 
as Chairman of the Department of Electrical Engineering and Computer 
Science. He is currently Chairman of the Department of Electrical Engineer- 
ing and Computer Science and Director of the Center for High-Frequency 
Microelectronics. His current research areas are microwave and millimeter- 
wave solid-state devices, monolithic integrated circuits, and microwave-optical 
interactions. 

Dr. Haddad received the 1970 Curtis W. McGraw Research Award of the 
American Society for Engineering Education for Outstanding Achievements 
by an engineering teacher, the College of Engineering Excellence in Research 
Award (1985), the Distinguished Faculty Achievement Award (1986), and the 
S. S. Atwood Award for excellence in engineering research, education, and 
administration. He served as Editor of the IEEE TRANSACTIONS ON MICROWAVE 
THEORY AND TECHNIQUES from 1968 to 1971. He is a member of Eta Kappa 
Nu, Sigma Xi, Phi Kappa Phi, Tau Beta Pi, and the American Society for 
Engineering Education. 

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 31, NO. 8, AUGUST 1996 

George I. Haddad (S’57-M’Sl-SM’66-F’72) re- 
ceived the B.S.E., M.S.E., and Ph.D. degrees in 
electrical engineering from the University of Michi- 
gan, Ann Arbor. 

In 1958, he joined the Electron Physics Laho- 
ratory, where he engaged in research on masers, 
parametric amplifiers, detectors, and electron beam 
devices. From 1960 to 1969, he served successively 
as Instructor, Assistant Professor, Associate Pro- 
fessor, and Professor in the Electrical Engineering 
Deuartment. In 1991 he was named the Robert J. 


